It is well documented that in mice many neoplasms originate from mutagenic insertions of mobile genetic elements in critical loci that control the proliferation state of the cell. Insertion may result either from intracellular transposition of endogenous retrotransposons (reviewed in references 6, 11, 15) or from infection of the cells by horizontally transmitted retroviruses (reviewed in references 24, 29) . There is, possibly, no fundamental difference between these two classes of mobile genetic elements, which share large structural homologies and are both associated with production of virus (or viruslike) particles: for retrotransposons such as Saccharomyces cerevisiae Tyl (reviewed in reference 3), Drosophila copia (reviewed in reference 7), or mouse IAP (reviewed in reference 16), these are strictly intracellular, whereas infectious viral particles are exported out of the cell and can be horizontally transmitted. Furthermore, it has been recently shown that a Moloney murine leukemia retrovirus (MoMLV) rendered defective for production of infectious viral particles by deletion of its envelope gene-and whose structure thus resembles that of classical retrotransposons-is also capable of intracellular transposition in murine or human cells (13, 28) .
To detect and analyze these potentially mutagenic processes in a quantitative manner, we had previously developed an indicator gene for retrotransposition (13) which contains the neomycin (neo) selectable gene, which encodes resistance to G418 in mammalian cells. This gene is engineered in such a way that it can be expressed only if the mobile element in which it has been inserted transposes itself through an RNA intermediate, i.e., retrotransposes. Although this indicator gene has proven to be very effective in detecting retrotrans-* Corresponding author.
position events in cells in culture (even when the frequency was as low as 10-event per cell per generation) and to select those cells in which the events had occurred (12, 13) , it might not be adapted to future in vivo studies that should be performed in transgenic mice; indeed, the presence of an activated neo gene cannot be easily detected unless the tissues are first established in culture, which should be extremely tedious and often not even possible.
We have therefore devised another indicator gene, whose rationale is close to that of the previously reported neoRT gene (13) , but which makes use of the Escherichia coli ,-galactosidase (lacZ) gene fused to the nuclear location signal of the simian virus 40 large T antigen as a reporter (nlsLacZ; 4, 14) . The nlsLacZ gene is particularly adapted to refined in situ analysis, since its activity, targeted to the nuclear membrane, can be unambiguously evidenced by cytochemical staining at the individual-cell level. Accordingly, here we describe and characterize an nlsLacZ-based indicator gene, nlsLacZRT, that we introduced into a cloned murine leukemia retrovirus with an ecotropic host range (MoMLV) rendered defective by deletion of the three canonical retroviral gag, pol, and env open reading frames (ORFs). After transfection into heterologous feline cells, no P-galactosidase expression was detected unless the gag and pol gene products, which are necessary for transposition of the provirus (28) Fig. 4 .
Transposition of the marked provirus occurred at a frequency at least 100 times higher than previously reported (13, 28) and was concomitant with release by the cells of noninfectious retroviral particles, whose number can be as large as those encountered in productive infections by wild-type MoMLV. These extracellular particles are the hallmarks, but not the intermediates, of the intracellular retrotransposition process.
MATERIALS AND METHODS
DNA constructions. All plasmids were constructed by standard cloning procedures; numbers refer to distances from the viral MoMLV cap site.
(i) Construction of the defective nlsLacZRT marked provirus. The defective nlsLacZRT marked provirus plasmid (Fig.  1A) was derived from the previously described MoMLV neoRT provirus (13) , which was first recloned into the MoMLVneo plasmid (25) (20) , pBSpac (5) , or pSVtkneo,B (22) were selected in the presence of mycophenolic acid (25 ,ug/ml) plus xanthine (250 ,ug/ml), puromycin (2 ,ug/ml), and G418 (700 ,ug/ml), respectively. Cellular RNA and DNA extractions and Northern and Southern blot analyses were performed as described in reference 12. When indicated, the autoradiograms were scanned with a Chromoscan densitometer.
X-Gal staining, FDG loading, and FACS. X-Gal staining was performed as described in reference 26. The reaction was allowed to proceed at 42°C for 7 h; cells with blue nuclear coloration were scored by microscopic examination. The protocol for FDG loading was similar to that described in reference 23, except for the two following modifications, made to reduce the high background level of endogenous lysosomal ,B-D-galactosidase activity in the G355. 5 Infectivity test and RTase assay. Supernatants were harvested from cell cultures close to confluency (5 x 106 to 107 cells in 10-cm-diameter culture dishes with 10 ml of growth medium), filtered through 0.22-,um-pore-size filters, and immediately tested or stored at -70°C until use. To search for infectious extracellular intermediates, 10 ml of supernatant (plus, when mentioned, Polybrene at a final concentration of 5 ,ug/ml) was left in contact with feline G355-5 test cells (5 x 105 cells plated in a 10-cm-diameter culture dish on the day before) for 24 h; cells were maintained in culture for another day in fresh medium and then fixed and stained by the X-Gal procedure. Reverse transcriptase (RTase) activity was determined from 10 1.l of supernatant in a standard assay mixture as described in reference 8 (except for the Mn2+ concentration [0.6 mM instead of 0.2 mM]).
[3H]TTP incorporation was measured after trichloroacetic acid precipitation of the DNA products on glass fiber filters (GF/C; Whatman) and was linear over at least a 60-min period. RTase activity was derived from the slope of the line.
RESULTS
Construction of cell lines containing an nlsLacZRT marked provirus. nlsLacZRT was derived from the previously described neoRT indicator gene (13) by replacing the neo coding sequence by that of the nlsLacZ gene (4) and by further reducing the length of the fragment containing the splice donor of the indicator gene (see Materials and Methods). This structure was inserted into a cloned murine leukemia retrovirus with an ecotropic host range (MoMLV) that was rendered defective by deleting 6.1 kb of the internal sequence encompassing the three canonical gag, pol, and env viral ORFs and by introducing a frameshift 3' to the initiation codon of the remaining gag fragment (Fig. 1A ). This marked proviral structure, despite the size of the nlsLacZRT indicator gene (4.5 kb), should still generate a genomic RNA whose length (6.7 kb) and structure (it still contains the cis-required extended T sequence [1, 2] ) are compatible with encapsidation into a core particle.
This marked defective provirus was introduced into G355-5 feline cells by cotransfection with pSV2gpt (20) , and mycophenolic acid-resistant clones were selected. Feline cells were chosen because (i) the probability that an infectious retrovirus would be produced by homologous recombination or by complementation with endogenous retroviruses is lower in heterologous cells than in murine cells and (ii) MoMLV provirus expression in this cell line is nearly as efficient as in murine NIH 3T3 cells (data not shown). Two clones (A and B) were isolated that contained one full-length copy of the transfected proviral structure and unaltered nlsLacZRT structures, as evidenced by Southern blot analysis (see below). X-Gal staining of more than 107 cells from each clone failed to reveal any P-gal+ cells ( Fig. 2A) (data not shown). One of the transcomplemented clones producing ,-gal+ variants at a high frequency (A-2) was selected for further detailed studies.
To characterize the j-gal+ cells, they were sorted by FACS (Fig. 2) . The sorting procedure relies upon the use of FDG, which is cleaved by p-galactosidase to yield fluorescein, which can be optically detected. As illustrated by the FACS profile in Fig. 2 for the cells from the A-2 clone (inset, bottom), two cell populations were distinguished: more than 99% of the cells segregated in a peak of low fluorescence intensity, which further corresponds to the profile obtained with the control cells without gag-pol transcomplementation (clone A cells; Fig. 2, inset, top) , and a small peak of higher fluorescence intensity observed only with the transcomplemented clones, which represented 0.6% 0.2% of the cells in the experiment shown in Fig. 2 (three independent cell sortings). These cells were collected as a mixed population (FDG+ cells) from which subclones were also derived by limiting dilution. X-Gal staining, as illustrated in Fig. 2C , disclosed that actually more than 90% of the FDG+ cells were X-Gal+, with a large fluctuation in staining intensity, from nearly colorless to dark blue. This heterogeneity cannot be attributed to clonal heterogeneity, since it was also observed within subclones (Fig. 2D) . The percentages of 3-gal+ cells as scored by FACS in three independent experiments were close to the values obtained by X-Gal staining (FACS, 0.6% +± 0.2%; X-Gal staining, 0.7% ± 0.1%). Although they were less extensively studied, similar results were obtained with clones A-3 and A-4.
P-Gal ceils contain retrotransposed copies of the marked provirus. The DNA of the FDG+ cells sorted by FACS was analyzed on Southern blots to determine whether the FDG+ phenotype is actually associated with retrotransposition of the marked provirus. As schematized in Fig. 1 , genomic DNA restriction with Sacl should reveal two fragments for the transfected copies upon hybridization with an nlsLacZ probe: a 3.7-kb fragment and a 3.0-kb fragment, encompassing the whole proviral structure; these were indeed observed (Fig. 1B , lane A-2). Upon retrotransposition with precise splicing at the donor and acceptor splice sites of the indicator, a new restriction site for SacI should be generated at the splice junction, as previously noted (13). In the transposed copy, the 3.7-kb fragment should then be reduced to 2.2 kb, whereas the 3.0-kb fragment remains unchanged. Indeed, as illustrated in Fig. 1 (Fig. 1B) or the tk (Fig. 1C) (21) and whose rationale is to measure accurately the fractional increase of 3-gal+ cells in a population as a function of time (Fig. 3) . The clonality of 3-gal+ variant-producing clone A-2 was ascertained by subcloning (clone A-2.1), and two independent experiments (described in Fig. 3) Fig. 1D Fig. 1A for gag-pol transcripts, nlsLacZ, and pA. The spliced (6.4-kb) and unspliced (7.0-kb) proviral transcripts from the marked provirus and those from the transcomplementing gag-pol-containing structure (full-length 7.7-kb and subgenomic 2.1-kb proviral transcripts) are indicated by arrows. Their sizes were deduced from the relative positions of the murine 28S and 18S rRNAs (r). The percentage of spliced viral transcript for the marked provirus, as determined by scanning of the autoradiogram, was close to 80% (two Northern blots were analyzed).
Other transcomplemented clones were similarly analyzed (see the following sections and Fig. 5 ) and gave frequencies ranging from 3 x 10-6 to 3 x 10-4.
Cell E40TB, respectively; no RTase activity (<10 cpm/min, i.e., the background level of the assay) was found in the supernatant of G355-5 cells containing the marked defective provirus alone (clone A). RTase activity is associated with viruslike particles, which were pelleted from A-2 cell culture supematants and observed by electron microscopy (data not shown); these particles were approximately 0.1 ,um in diameter with a heavily labeled internal core, as observed for type C particles and as previously characterized (28) .
Despite the large number of retroviruslike particles released by A-2 or A-2.1 cells (see also the next section and Fig. 5 for other gag-pol-transcomplemented clones), the particle-containing supernatant, as expected, could not confer the ,3-gal+ phenotype on feline G355. lected from A-2 cells (or from subclone A-2.1 cells) close to confluency were repeatedly tested (50 to 100 ml for cells maintained in culture for up to 6 months), and negative results were also obtained when similar volumes of supernatant were tested in the presence of Polybrene, which increases the titer of many infectious retroviruses at least 20-fold (26, 30) . Accordingly, the viral titer of the supernatant, if any, should be less than 0.01 U/ml, a value at least 5,000-fold lower than the minimal value which would be required to account for the high-frequency generation of 6-gal+ variants by infectious particles (see the calculation in the Appendix; also see the Discussion).
Retrotransposition frequency of the marked provirus depends on the level of expression of the transfected gag-pol gene. A quantitative analysis of the transposition frequency, the level of RTase activity released in the supernatants, and the level of gag-pol gene expression was performed for six transcomplemented clones derived from clone A (including clone A-2 described above). As illustrated in Fig. 5 , there was a linear relationship, over a range of 3 orders of magnitude, between the transposition frequency and the level of gag-pol gene expression measured as the amount of RTase activity released in the cell supernatant. Furthermore, the gag-pol gene transcripts in the transcomplemented clones were detected upon Northern blot analysis (Fig. 4, Fig. 5 , there was a positive correlation between the level of gag-pol gene transcripts, RTase activity, and the transposition frequency. We verified that the levels of marked-provirus transcripts (analyzed by Northern blot) were identical for all of the clones (data not shown) and thus were not responsible for the large variations in transposition frequency among the clones.
DISCUSSION
Indicator for in situ detection of retrotransposition. We constructed and characterized a novel indicator gene of retrotransposition, nlsLacZRT, which is adapted to in vivo studies. Its expression is triggered upon retrotransposition of the marked mobile element in which it is inserted and thus High-frequency transposition of defective retroviruses. An interesting outcome of this work was the spontaneous rate of intracellular transposition of the marked provirus which, upon transcomplementation with the gag-pol gene, can occur at a frequency as high as (3 ± 1) x 10' event per cell per generation per marked provirus copy. Moreover, this value might still underestimate the actual retrotransposition frequency of the defective marked provirus, as transpositions into "silenced" regions of the genome might not be detected by the X-Gal staining assay (or the FDG staining assay, as their efficiencies were found to be identical). The observation of a cell clone (clone c4 in Fig. 1 ) containing two transposed copies of the marked provirus (1 clone over 6 randomly selected ,-gal+ clones analyzed, whereas for independent events the probability should be 1 clone per 100 to 1,000 P-gal+ clones) suggests that intracellular retrotransposition might be a cooperative phenomenon and, as such, occur in bursts, as observed for drosophila retrotransposons (9, 18 ; reviewed in reference 7). Transcriptionally active genome regions may actually be preferred targets for retrotransposon integrations in the same way as previously described for infectious retroviruses (19, 27) , resulting in "en cascade" transpositions and enhanced mutagenesis. In any case, the high-frequency transposition reached under these conditions and the experimental model that has been developed (more than 5% of the cells should score blue after a few months of culture) might be particularly adapted to analysis of the effect of an insertional mutagen in cells in culture and possibly also to the characterization of defined genes by transposon tagging.
Role of the gag-pol gene products. Interestingly, we demonstrated that over a 3-order-of-magnitude range there is a linear relationship between the transposition frequency ofthe marked nlsLacZRT provirus and the level of gag-pol gene expression measured by either Northern blot analysis of the gag-pol transcripts or the amount of RTase activity released in the cell supernatant. This correlation is further supported by our previous observations with other cell types, such as murine 3T3
and human HeLa cells (13, 28 ; unpublished data [see below]), in which transposition and RTase activity could be detected both at levels, respectively, about 100 times lower than (13, 28) or identical to (unpublished data) that reported for clone A-2.
RTase activity released by gag-pol-complemented cells, in amounts which may be as large as those encountered in the supernatant of a T2 or wild-type MoMLV producer cell line, is associated with retroviruslike particles. This observation is in agreement with previous reports indicating that the viral gag-pol gene, and in several instances the Gag polyprotein alone, is sufficient for production of retroviruslike particles for murine type C retroviruses and human immunodeficiency virus (28 and references therein). These viruslike particles cannot confer the ,B-gal+ phenotype on feline cells under conditions classically used to test for infectivity (more than 100 ml of supernatant tested, either in the absence or in the presence of Polybrene), and a simple calculation, detailed in the Appendix, indicates that if they were responsible for the high-frequency generation of ,B-gal+ cells, their titer should be at least 5,000 times higher than the maximal overestimate of 0.01 U/ml from the assay described above. Similar particles were observed in previous experiments with closely related proviral structures in murine and human cells, at a much lower level in reference 28, and at a similar level in an unpublished analysis in murine 3T3 cells segregating variants carrying a retrotransposed copy of a neoRT-marked provirus at a high frequency upon complementation by the gag-poc gene (10'-event per cell and generation, correlated with the release in the supernatant of RTase activity at levels as high as that observed with the A-2 feline cells); these particles were also shown to be noninfectious, and in those cases extensive coculture experiments with test cells (13, 28 ; unpublished data) demonstrated (i) that they could not be the intermediates of transposition, as described above, and further (ii) that neither cryptic extracellular particles nor direct cell-to-cell interactions could be involved in the strictly intracellular transposition process.
Altogether, these data strongly suggest that the amount of gag-pol gene products available within a cell should be the critical factor controlling the transposition frequency. Characterization of the corresponding intracellular structural intermediates involved in the retrotransposition process will probably be a difficult task, since on the basis of the calculation in the Appendix, only one retrotransposition event takes place when 105 particles are released in the supernatant.
Perspectives. The positive correlation between the intracellular retrotransposition phenomenon and the production and release of defective retroviral particles strongly suggests that intracellular retrotransposition is a general phenomenon which also occurs in cells infected by replication-competent retroviruses. Thus, infected cells could be submitted to permanent mutagenesis, even if they are refractory to reinfection, and intracellular retrotransposition could be implicated in the generation of neoplasms which appear after a long latency period following acute retroviral infections. Preliminary experiments (28a) The half-life, t112, of the particles in the supernatant (which share closely related physical characteristics with type C retroviruses, despite the lack of an envelope protein) was derived from the half-life of their RTase-associated activity, measured as follows. Dishes (10-cm diameter, in triplicate) were inoculated with 106 A-2 cells in 10 ml of growth medium, and 2 days later, i.e., under steady-state conditions, the amount of RTase activity in the supernatant, (RTase)eq, was measured; the dishes were then rinsed twice, covered with 10 ml of fresh medium, and incubated for various periods (up to 
